ABSTRACT The giant protein titin, which is responsible for passive elasticity in muscle fibers, is built from ;300 regular immunoglobulin-like (Ig) domains and FN-III repeats. While the soft elasticity derived from its entropic regions, as well as the stiff mechanical resistance derived from the unfolding of the secondary structure elements of Ig-and FN-III domains have been studied extensively, less is known about the mechanical elasticity stemming from the orientation of neighboring domains relative to each other. Here we address the dynamics and energetics of interdomain arrangement of two adjacent Ig-domains of titin, Z1, and Z2, using molecular dynamics (MD) simulations. The simulations reveal conformational flexibility, due to the domain-domain geometry, that lends an intermediate force elasticity to titin. We employ adaptive biasing force MD simulations to calculate the energy required to bend the Z1Z2 tandem open to identify energetically feasible interdomain arrangements of the Z1 and Z2 domains. The finding is cast into a stochastic model for Z1Z2 interdomain elasticity that is generalized to a multiple domain chain replicating many Z1Z2-like units and representing a long titin segment. The elastic properties of this chain suggest that titin derives so-called tertiary structure elasticity from bending and twisting of its domains. Finally, we employ steered molecular dynamics simulations to stretch individual Z1 and Z2 domains and characterize the so-called secondary structure elasticity of the two domains. Our study suggests that titin's overall elastic response at weak force stems from a soft entropic spring behavior (not described here), from tertiary structure elasticity with an elastic spring constant of ;0.001-1 pN/Å and, at strong forces, from secondary structure elasticity.
INTRODUCTION
The ability of striated muscle to stretch and relax, in an elastic manner, is crucial for its role as a force-bearing component in higher organisms. The muscle sarcomere extends beyond its equilibrium length immediately after contraction, and a passive restoring force arises from a protein called titin, whose elastic response restores a muscle fiber to its resting length (1) (2) (3) (4) (5) (6) . Titin is the largest known protein, with a length .1 mm and a molecular weight of up to 4 MDa. It is built from a modular construct of ;300 tandem repeats of predominantly immunoglobulin-like (Ig) and fibronectin type III (Fn-III) domains, and from flexible random coil-like PEVK (rich in proline, glutamate, valine, and lysine) regions (7); furthermore, single Ig-domain insertions exist that distinguish isoforms of titin in cardiac and skeletal muscle (8) .
Titin is the third most abundant protein of vertebrate striated muscle, after actin and myosin. The N-terminal section of titin originates from the sarcomeric Z-disc (9-11) and its C-terminal region is an integral component of the sarcomeric M-line (12, 13) . Fig. 1 depicts a schematic view of titin's individual components, and its position within the muscle sarcomere.
Extensive studies have characterized titin as a protein with many distinct functions. At the early stages of myofibril growth, titin is believed to play a crucial role as a molecular scaffold for organizing the various components of the sarcomere, as evidenced by exact matches between the pattern of repeat domains in titin and myosin (thick filament) periodicity (14, 15) . There is also evidence that the ends of titin not only anchor at, but interact with, signaling proteins at the Z-line and M-line, possibly mediated by passive stretching forces (6, 7) . Stretch-mediated signaling involving titin has recently been correlated with titin kinase activity at its C-terminus (16, 17) , and the titin kinase phosphorylation activity has also been observed at the N-terminus where the Z-line protein telethonin is located (18, 19) . The recently solved structure of the titin Z1Z2-telethonin complex (20) and subsequent investigation into the mechanical binding of Z1Z2 to telethonin (21) also suggest how the N-terminus of titin is anchored at the Z-disc.
Besides acting as a molecular scaffold and signaling platform, titin functions as a molecular spring that dampens sarcomeric extension forces. The I-band region of titin, which forms an elastic connection between the ends of thick filaments and the sarcomeric Z-disc, contains flexible PEVK domains interdigitated between Ig-domain repeats. These random coil PEVK domains are believed to reversibly unfold to permit extension, like an entropic spring, and to contribute to titin elasticity when weak forces are applied (22) (23) (24) (25) .
Investigations of the extensibility and elasticity of titin, both in situ and at the level of single molecules, have revealed that titin is not merely a soft entropic spring, but also exhibits a stiffer, structure-dependent elasticity (26) . Fig. 2 shows a schematic presentation of titin elasticity across a wide range of extension and force as studied by optical tweezers (22, 27) and atomic force microscopy (AFM) (28) (29) (30) (31) (32) (33) (34) . This figure illustrates that a region of soft elasticity at weak forces (,50 pN) is followed by a region of nonlinear stiff elasticity at forces of .50 pN. While the stretching and unfolding of individual or linked PEVK, Ig-, and FN-III domains connected with the soft and stiff elasticity of titin have been extensively characterized through AFM (26, (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) , optical tweezers (22, 27, 39) , and computational unfolding studies (21, (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) , an elasticity of titin associated with domaindomain extension has been less extensively investigated.
The soft elasticity of titin is likely due, in part, to a generic behavior of random coils formed by PEVK and other similar domains, an entropic spring behavior in principle well understood (8, (23) (24) (25) 54) . The studies of stiff elasticity were based on the then available structures of titin domains I1 (55) and I91 (formerly I27) (56) and revealed that the individual domains, when subject to sufficiently strong stretching forces, unravel their secondary structure, giving rise to titin's nonlinear stiff elasticity called ''secondary structure elasticity''. The soft elasticity of titin is also due to a straightening out of titin's multidomain segments (22, 57) . Adjacent segments may exhibit a flexibility that leads a titin chain to assume in the relaxed state a locally compacted shape, and a straight shape when under tension. The question arises if the elasticity linked to such structural transition contributes to the soft elasticity of titin characterized through a spring constant that falls in a range of observed values.
Lacking until recently structures of two or more adjacent titin domains made it impossible to computationally investigate titin's soft elasticity associated with domain-domain rearrangement. The relative orientation of adjacent domains should be controlled through the respective linker as well as domain-domain interaction. The tertiary structure specifying the arrangement of adjacent domains should resist forces that stretch domain pairs apart, thereby giving rise to a local elastic property, to be referred to in this article as ''tertiary structure elasticity''. Contributions of many adjacent domain pairs can add and confer to titin an overall elasticity. Fortunately, the structures of a tandem of two adjacent Ig-domains, Z1Z2 (58) and three consecutive domains A168-170 (59) have been recently elucidated by x-ray crystallography. In addition, data on the conformation and dynamics of Z1Z2 in FIGURE 1 Schematic of the titin spring in muscle, and detailed view of titin's Z1Z2 domains. Shown is an electron micrograph image (courtesy R. Craig, University of Massachusetts) of the human muscle sarcomere and the schematic representation of titin along the sarcomere length. Titin is anchored with one of its ends (N-terminal) through the protein telethonin to the sarcomeric Z-disc and with its other end (C-terminal) to the M-line. Components of titin shown in this figure include the proximal Z1Z2 domains (circled), entropic PEVK region, the well-studied I27 (now numbered I91) domain in the I-band, and the Ig-Fn-III triad A168-170 of the A-band. FIGURE 2 Two regimes of titin elasticity-soft and stiff nonlinear. Shown schematically is how titin responds to stretching forces of various magnitudes (22, (27) (28) (29) 31, 32, 34) . At weak forces (,50 pN), the primary contribution of titin's response arises from the PEVK domains and the straightening of a bent and twisted titin chain. At high forces (.50 pN) titin exhibits a highly nonlinear elastic response. In this study we will relate the non-PEVK soft elasticity of titin to the so-called tertiary structure elasticity and the nonlinear stiff elasticity to the secondary structure elasticity. These two types of elasticities are defined in the text.
solution have become available through small angle x-ray scattering (SAXS) and NMR spectroscopy (58) . These data allow us now to explore the extent to which the dynamics of interdomain arrangement contributes to the elasticity of the titin chain.
Given the wealth of experimental data on Z1Z2, our study will use this tandem as a model system to explore the role of interdomain relations in titin elasticity. Crystallographic data revealed Z1Z2 in two conformational states, one in an overall V-shape shown in Fig. 3 A and one in an extended shape shown in Fig. 3 B. Z1Z2 models satisfying NMR residual dipolar coupling (RDC) data and SAXS measurements in solution are shown in Fig. 3 C (for further details, see (58) ). The models correspond to a structure that is intermediate between those shown in Fig. 3, A Fig. 3 D, in which the tandem domains become extended while preserving secondary structure integrity of titin's domains. However, it is yet to be established whether the multiple conformations accessible to Ig tandems in the filament are, or are not, energetically equivalent and how they contribute to elasticity in titin. This information is best obtained by means of molecular dynamics simulations.
Accordingly, in this article, we employ MD simulations to study the conformational dynamics of the titin Z1Z2 tandem, focusing specifically on the forces governing domain-domain interactions and associated elastic properties. Extended timescale simulations of the open Z1Z2 conformer (see Materials and Methods) reveal, independently, a quasi-equilibrium structure that matches precisely the experimentally observed semiextended NMR-RDC conformer. Using a combination of steered molecular dynamics (SMD) (60) and adaptive biasing force (ABF) (61-65) simulations, we calculate the work required to hinge apart the Z1 and Z2 domains without unfolding either Ig-domain, thereby exploring only the contribution from tertiary structure characteristics. We then extend our scope by using the simulation results to construct a schematic stochastic model for a system of titin Ig-domain repeats (an Ig-chain), in which changes in tertiary structure endows the chain with overall elasticity.
Finally, we also study the nonlinear stiff elasticity of titin. This elasticity is due to the interactions within the secondary structure elements of titin, namely Ig-and Fn-III -like domains, which strongly resist mechanical stretching forces and have been well characterized in the studies mentioned above. In FIGURE 3 Experimentally derived conformers for titin Z1Z2 and a possible mode of tertiary structure elasticity. (A,B) Crystal structure (PDB code 2A38) for the N-terminal region of titin comprised of the tandem Z1 (purple) and Z2 (orange) domains in two crystallographically constrained conformations, termed closed and open, respectively. (C) NMR-RDC models of the experimentally observed semi-extended conformation for Z1Z2. The colors correspond to the NMR lowest (blue) and second lowest (red) energy conformers and the small angle x-ray scattering best-fit conformer (green) (58) . (D) Highly schematic view of the tertiary structure elasticity of titin due to bending adjacent protein domains open and closed. In actual titin, not every linker may contribute high flexibility; some linkers might be short and stiff. this case, we probe the elasticity of individual Z1 and Z2 domains by means of simulations, as done earlier for I1 (67) and I91 (31, 40, 46) . Taken together, our findings present Z1 and Z2 as generic building blocks establishing the overall secondary and tertiary structure elasticity of titin.
MATERIALS AND METHODS

Simulated systems
Atomic coordinates of the titin Z1Z2 Ig-domain tandem were taken from the crystal structure (Protein Data Bank entry code 2A38). The structure consists of Z1Z2 arranged in two separate conformations: a compact form, termed the closed conformation in which Z1 and Z2 form the arms of a V (see Fig. 3 A) , and an extended form, termed the open form, in which Z1 and Z2 are arranged in a stretched-out manner (see Fig. 3 B) . The Z1Z2 tandem consists of a total of 194 residues; Z1 contains 98 residues; a three-residue linker connects it with the 93-residue Z2 domain. The topology of the complex and missing hydrogen atoms were generated using psfgen (68) with the topology file for CHARMM27 (69) .
In the present MD study, four systems were investigated. 
Molecular dynamics
Simulations were performed using NAMD 2.6 (68) with the CHARMM27 force field for proteins (69) and the TIP3P model (70) for water. Particle mesh Ewald (PME) summation was employed to calculate long-range electrostatic forces with a grid size of ,1 Å . The van der Waals interactions employed a switching function starting at 10 Å and a cutoff of 12 Å . An integration time step of 1 fs was adopted, with a multiple time-stepping algorithm (71, 72) employed to compute covalent bonds every time step, short-range nonbonded interactions every two time steps, and long-range electrostatic forces every four time steps. Multiple time-stepping increases the efficiency of simulation by a factor of two, making the nanosecond timescale more readily accessible for our simulations. Constant temperature control (T ¼ 300 K) was employed using Langevin dynamics and NPT ensemble simulations. A Langevin coupling coefficient of 5 ps À1 was used for the temperature control; constant pressure was maintained at P ¼ 1 atm (101.3 kPa) utilizing the Nosé-Hoover Langevin piston method with a decay period of 100 fs and a damping time constant of 50 fs. SMD simulations (60, 73) were carried out by either fixing the C a atom of the N-terminus of either titin Z1 or Z2, and applying an external force to the C-terminal C a atom (see figures in Results for stretching configurations); the stretching forces were directed along the t ¼ 0 vector connecting the mentioned termini. Constant force SMD simulations applied a timeindependent potential of F ¼ kx to the specified atom(s), where x is the C a -C a distance for the two termini. For the spring constant, we chose a value of 3 k B T/Å 2 , which corresponds to a root mean-square deviation (RMSD) value of ffiffiffiffiffiffiffiffiffiffiffiffi ffi k B T=k p ; 0:5Å: The adaptive biasing force (ABF) method, originally developed by Pohorille and co-workers (61) (62) (63) and recently adapted into NAMD (derived for the canonical ensemble NVT) as an executable library (64, 65) , was employed to calculate the reversible work, or potential of mean force (PMF), required to extend the Z1Z2 tandem from the closed conformation to the open conformation through rotation around a hinge axis. The ABF method uses a continuously updated estimate of a free energy profile along an a priori selected reaction coordinate to apply a bias that overcomes energetic barriers, eventually leading to a free diffusion type motion along the reaction coordinate. The free energy derivative can then be determined and the potential of mean force (PMF) recovered by thermodynamic integration (65) . In the case of Z1Z2, the sampling space was confined to a separation of two centers of mass located at the opposing tips of the Z1Z2 tandem corresponding to the N-terminus of Z1 and the C-terminus of Z2, respectively. The region for the center of mass chosen for the tip of Z1 included the a-carbons of residues 1-6, 31-34, and 84-86. For Z2, the center of mass for the tip of Z2 included the a-carbons of residues 116-121, 164-171, and 192-194 . A restraining harmonic potential, specified in the ABF simulation configuration script, was applied to the terminal a-carbons, residues 1 and 194, to constrain the motion along the reaction coordinate such that it adopted a rotation motion around the hinge axis. The distance range between the centers of mass defined above for each ABF run (simC1-C7) was 5 Å in each case, the exception being simC5 where a range of 10 Å was sampled. The size for each ABF sampling bin was 0.1 Å . All simulations were run long enough to observe convergence of the system for accurate sampling of the free energy landscape.
Analysis
System coordinates were saved every picosecond, and analysis was performed using the program VMD (74) . The structural changes in the calculated models were monitored by calculating the RMSD of their backbone atoms. The end-to-end distance profile of a stretched system is based on the distance between the two stretched or between the stretched and fixed terminal C a atoms. The change of the end-to-end distance is defined as the extension of the system. Salt bridges were calculated in VMD with an oxygen-nitrogen cutoff of 3.2 Å ; hydrogen bonds were calculated with a distance cutoff of 3.0 Å and a donor-hydrogen-acceptor cutoff angle of 120°( equal to 60°out-of-line angle) for bonding pairs. The interdomain angle between the Z1Z2 Ig-tandem was calculated as the angle generated by connecting the center-of-mass regions at the N-terminus of Z1 (residues 1-6, 31-34, and 84-87), linker (residues 17-19, 98-104, and 131-132), and C-terminal of Z2 (residues 116-121, 164-171, and 192-194) . By capturing the centers of mass for this calculation, we avoid fluctuations that arise from thermal motion of single atoms, a significant improvement over a previous approach (21) .
Summary of simulations
The simulations carried out are listed in Table 1 . The equilibrations of the four systems (simA1-4) employed an identical procedure. The systems were first minimized for 10,000 conjugate gradient steps, then equilibrated in a 300 K heat bath with constant volume for 25 ps. After this, the volume of the system was allowed to freely change under NPT conditions. The equilibration times varied from 5 ns to 40 ns (see Table 1 ). Steered molecular dynamics (SMD) simulations utilized the equilibrated closed Z1Z2, Z1, and Z2 structures from simA1, simA3, and simA4, respectively. In constant force simulations, forces of 50, 94, and 164.5 pN were applied to open the closed conformer (simB1-3), and forces of 350 and 500 pN were employed for unfolding studies of individual Z1 and Z2 domains (simD1-4, simE1-4).
The SMD parameters are listed in Table 1 . Seven sets of ABF simulations (simC1-7) were carried out to sample across the entire thermally feasible hinging motion of Z1Z2, beginning from the compact closed conformer, through the intermediate semi-extended state observed in simA2, and terminating with the open form.
Simulations were conducted on the Teragrid and SGI Altix supercomputer clusters, equipped with Intel Itanium 2 processors, at the National Center for Supercomputing Applications at the University of Illinois at Urbana-Champaign. A system of 100,000 atoms required one day of simulation for 3 ns on 64 1.6 GHz Itanium 2 processors. The total simulation time reported in this study included 146 ns for the closed Z1Z2 conformer (59,000 atoms), 40 ns for the open conformer (123,000 atoms), 105 ns for Z1 alone (105,000 atoms), and 90 ns for Z2 alone (108,000 atoms).
Modeling of multidomain tertiary structure elasticity
A key question raised in our study is how the tertiary structure of adjacent domain pairs endows a multidomain chain with mechanical elasticity. For this purpose, we devised a model for titin that is simple, yet incorporates the key properties of the mechanics of Z1Z2 as elucidated by our simulations. The aim of the model was to furnish a simple representation for titin's I-band that demonstrates the muscle protein's overall tertiary structure elasticity. In this model, we employ the free energy profiles determined for the angular motion of Z1Z2 to construct by N-fold replication a multidomain system as illustrated in Fig. 3 D. For the sake of simplicity we assume a planar system in which the tertiary structure characteristics of a domain pair is captured by a single variable angle a 0 or the equivalent variable end-to-end distance x; we ignore in this description torsional degrees of freedom that likewise contribute to the elasticity of end-to-end distance motion. We will refer to this system as the multidomain model.
For the sake of illustration we will make first a further drastic simplification and assume that domain pair angles take on only two values corresponding to a closed and open state, and refer to this planar multidomain system as the two-state multidomain model. This model is illustrated in Fig.  4 A. The model (see Eqs. 1-7), despite the discrete character of the underlying simple domain pair motion, exhibits rather continuous overall extensions for large N as specified below. The model will be replaced by a fully continuous description further below (see Eqs. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
The two-state multidomain model links N pairs of identical hinged domains, as shown for the case N ¼ 5 in In equilibrium, the distribution of the end-to-end distance X can be derived readily. For a chain with N domain pairs, there are N n possible conformations with n closed and N-n open domain pairs, and the probability Type: EQ denotes equilibration; ABF denotes adaptive biasing force simulations, and SCF denotes constant force SMD simulations. Ensemble lists the variables held constant during the simulations; N, V, p, and T correspond to number of atoms, volume, pressure, and temperature, respectively. Footnotes under special parameters describe the ABF sampling range, and, in the case of SMD simulations, which atoms were fixed or had an external force applied to them. *Fixed all a-carbons of Z1 and applied force to C-terminal a-carbon of Z2. y Fixed all a-carbons of Z1 and applied force to of 1 pN to all a-carbons of Z2. z Fixed all a-carbons of Z1 and applied force to of 1.75 pN to all a-carbons of Z2. § Total end-to-end extension of sampling range. { Fixed N-terminal a-carbon and applied force to C-terminal a-carbon of Z1. k Fixed N-terminal a-carbon and applied force to C-terminal a-carbon of Z2.
for the occurrence of each conformation is p n q N-n . The probability of finding the chain with n closed pairs is theñ
The reader may verify that the total probability observes the normalization condition + N n¼0P ðNÞ eq ðnÞ ¼ 1: In view of our interest in the elastic behavior of the complete chain, the overall length X is a more relevant variable of choice than n. One can replace the dependence on n by one on X via the relation
Employing Stirling's approximation for the binomial coefficient in Eq. 1, one can derive the probability of finding the chain with overall length X P ðNÞ eq ðXÞ ¼
Here ' 0 and s are defined as
The reader may verify again the normalization condition R 1N ÀN P ðNÞ eq ðXÞdX ¼ 1: The Boltzmann relation PðXÞ } exp½ÀV eff ðXÞ=k B TÞ;
or, equivalently,
permits one to associate the distribution defined in Eq. 3 with an effective potential
V ðNÞ eff has the form of a harmonic potential with spring constant k ¼ k B T/s 2 , showing that the two-state multidomain chain behaves like a spring. One discerns also the physical significance of l 0 and s: l 0 is the equilibrium length of the chain, while s ¼ ffiffiffiffiffiffiffiffiffiffiffiffi ffi k B T=k p is the RMSD value of the spring in thermal equilibrium.
So far we have considered the multidomain chain in equilibrium when its end-to-end distribution obeys Eq. 3 and is related to the effective potential via Eq. 5. If the system is brought out of equilibrium, for example, by stretching or compressing the chain to an end-to-end distance X 0 , the system will start with a different distribution, but eventually return to the distribution given by Eq. 5. Indeed, for any time-dependent distribution of a multidomain chain with N domain pairs, P (N) (X, t), the following relation has to hold:
Here C is a normalization constant. Plot of the timedependent end-to-end distribution given by Eq. 14, for N ¼ 100,
, and X 0 ¼ 1.2 l 0 , which corresponds to an equilibrium length l 0 % 81 and initial length X 0 % 98. The initially extended chain relaxes back to its equilibrium length after a time comparable to t R . (C) Plot of the quadratic potential (Eq. 7) for the same system parameters and temperature T ¼ 300 K.
(X) was identified in the literature (77, 78) 
The solution of Eq. 12 is expected to vanish for X / 6N. The initial condition is
as stated before. The solution of Eq. 12 obeying these conditions is known to be (79)
The stochastic motion of the two-state multidomain chain in nonequilibrium is completely described by Eq. 14. The first notable property of the timedependent distribution given by Eq. 14 is that it reduces, as required by Eq. 8, for t / N to the equilibrium end-to-end distribution P ðNÞ eq ðXÞ stated in Eq. 3.
The elastic property of a two-state multidomain chain is embodied in Eq. 14, which states that an initially compressed or stretched chain relocates to its equilibrium length after a time comparable to the transition rate t R : This property is depicted in Fig. 4 B for N 
, and an initial end-to-end length X 0 ¼ 1:2 ' 0 : This initially stretched chain starts then at X 0 % 98 and, after a time comparable to t R , the distribution decays back to the equilibrium distribution. The motion is that of a Brownian harmonic oscillator governed by the potential shown in Fig. 4 C.
So far we have considered a stochastic description for the idealized twostate multidomain model. However, our description can be extended to multidomain systems that replicate the elastic behavior of domain pairs like Z1Z2. It should be noted, though, that the description assumes that the angular degrees of freedom are independent of each other along the chain, i.e., the opening and closing motion of one domain pair does not affect the opening and closing of any other domain pair. Similar models are widely employed in polymer physics, at least at the qualitative level of description that we adopt here (80) .
In biological multidomain systems like titin (7, 46) and fibronectin (46) the individual domains along multidomain chains are similar, yet distinctively different. Accordingly, the individual domain pair lengths x j in a multidomain system with overall length
can have distinct individual distributions related to their potentials of mean force V ðjÞ eff ðx j Þ; namely,
where C j is the normalization constant
If the x j degrees of freedom are assumed again to behave independently, then the probability for the multidomain system with a length configuration fx 1 , x 2 , x 3 , . . . , x N g, in which the j th domain pair has length x j , is
However, we are interested in the probability of the chain assuming an endto-end distance of length X. This probability is given by P ðNÞ eq ðXÞ ¼ 
and expresses the d-function dðY À XÞ ¼ 1 2p
which allows one to rewrite Eq. 20 P ðNÞ eq ðXÞ ¼ 1 2p 
In case that all distributions p ðjÞ eq ðx j Þ are Gaussian, namely, 
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Employing this result in Eq. 24 yields P ðNÞ eq ðXÞ ¼ 1 2p
Therefore, linking together N domain pairs that obey Gaussian distributions results in a chain with an end-to-end distribution P ðNÞ eq ðXÞ that is also Gaussian. Moreover, the mean of the total distribution is the sum of the individual Gaussian means and the width of the total distribution is the sum of the individual Gaussian widths. This is, of course, a well-known result.
The distribution in Eq. 28 is associated with an effective harmonic potential
In the simplest case that all distributions are identical, i.e., a j ¼ a and b j ¼ b for every domain pair j corresponding to a distribution
one obtains the end-to-end distribution
which is associated with the effective harmonic potential
Accordingly, the time evolution of this system in nonequilibrium situations is characterized again by Eq. 10 and the resulting dynamics is governed by the expression in Eq. 14.
To calculate the motion of the stretched or compressed spring one needs the diffusion coefficient D (N) . For the individual degrees of freedom the diffusion coefficients D (j) can be determined along with the free energy profile by means of the ABF method (61,63-65) introduced below. The overall diffusion coefficient governing the motion of X should be
in analogy to Eq. 13, but this is a conjecture.
RESULTS
This section is based on multidomain models for titin and on the simulations summarized in Table 1 . We first characterize the elastic properties of Z1Z2 and then extend the results to a multidomain model of titin elasticity involving replicated Z1Z2 units. We finally investigate the mechanical stability of Z1 and Z2 separately and relate the results also to the overall elastic behavior of titin.
Titin Z1Z2 equilibration and conformational state change
Equilibration (simulation simA2) of solvated tandem titin Z1Z2 (see Fig. 5 A) in the open configuration for 40 ns was accompanied by a spontaneous conformational change in which the termini of Z1Z2 rotated around the linker region to assume a semi-extended conformation. At the start of the simulation, the end-to-end distance between the N-terminus of Z1 and the C-terminus of Z2 measured 82.7 Å and the interdomain angle (defined in Materials and Methods) measured 149.4°. Over the course of the simulation, the Z1 and Z2 domains rotated toward each other, bending at the linker region, settling into a quasi-equilibrium state with end-to-end distances of 73-75 Å and interdomain angles of 128-130°. Previously reported NMR-RDC conformers for Z1Z2 suggested that the preferential conformation of Z1Z2 in solution is, in fact, an intermediate state between the open and closed forms observed in the crystal structure (58), termed the semiextended state. Indeed, simA2 approached this semi-extended state as clearly revealed in a superposition of the NMR-RDC structure and the MD trajectory, shown in Fig. 5 C.
The root mean-square deviation (RMSD) between i), the backbone a-carbons of the semi-extended secondary structural elements of the MD model; ii), the lowest energy NMR-RDC conformer; iii), the second lowest energy NMR-RDC conformer; and iv), the RDC conformer best-fitting SAXS data was calculated to assess the structural fit between the computational model and the molecule in solution. Models ii-iv represent the experimentally observed conformation of Z1Z2 in solution. Although all fits were comparable, the closest agreement was found with model iii. The result, plotted in Fig. 5 B, reveals that the fit is achieved after 22 ns of simulation, at which point the two ends of Z1Z2 begin to hinge toward each other, achieving remarkable structural alignment with the mentioned NMR conformer as shown in Fig.  5 C, illustrating the gradual bending of Z1Z2 from its crystallographic open state to the semi-extended state. At the beginning of the simulation, the open crystallographic form of Z1Z2 aligns poorly with the NMR conformer (Fig. 5 C-i) ; however, extended simulation lead to an intermediate fit within ;2.5 Å at 11.5 ns (Fig. 5 C-ii) followed by a nearly total alignment of all b-strands within ;1.5 Å at 27 ns ( Fig.  5 C-iii) . It should be noted that the MD simulations were performed by us before the NMR structures became available, and the convergence of both the MD model, in which the semi-extended state for Z1Z2 remained stable for ;10 ns, and the observed NMR conformers suggests strongly that the energetically viable semi-extended conformation reported here represents a significant quasi-equilibrium state for solvated tandem Z1Z2 Ig-domains.
Tertiary structure elasticity of Z1Z2
The finding that titin Z1Z2 bends at its linker region and, thereby, adopts several stable tertiary structures has important ramifications for the overall elasticity of titin chains. Indeed, the elasticity depends on (entropic or enthalpic) energy stored in titin when its overall length is changed, and our findings above suggest that the Z1Z2 domain pair alters its enthalpic energy content when the end-to-end distance is altered. Titin is composed of many domains and tertiary structure transitions among any adjacent domain pair like Z1Z2 can contribute to the overall titin length and its associated energetics.
Both experimental and computational studies have examined previously the energetic requirements to stretch and unfold titin Ig-domains, both for single domains and for tandem chains (7, 26, 29, 30, 35, 36, 40, 43, (82) (83) (84) (85) (86) (87) , but most investigations focused on stretching involving strong forces that actually unraveled the secondary structure of individual domains. Here we investigate whether stretching with weak forces can lead to changes in tertiary structure and, thereby, contribute to the intermediate elasticity of stretched titin.
To characterize this type of elasticity, we ask what force is required to alter the arrangement of tandem Ig-domains, i.e., to stretch the elements of the chain out by reorienting neighboring domains, but without unfolding the domains. For this purpose, a series of low force SMD simulations were performed on the closed Z1Z2 conformer, in which Z1 was held fixed and Z2 permitted to rotate at the linker region, to open the tandem complex. A force of 50 pN (sim B1) applied to the C-terminus of Z2 over 2 ns was found not to be sufficient to open Z1Z2; however, forces of 94 pN and 164.5 pN (see Materials and Methods for simulation parameters) opened the pair within 2 ns without unfolding either domain. This suggests that bending at the Z1Z2 hinge is possible with rather small forces (comparatively, at MD timescales). It is desirable, then, to determine the free energy profile that governs the mechanical domain-domain behavior.
Before continuing, we note that forces mentioned, i.e., 90-160 pN, are stronger than forces known to extend titin chains using the most sensitive single molecule force spectroscopy techniques such as optical tweezers (4, 22, 88) . We will show below that for a chain of many domains, forces on the order of 50 pN, which are comparable to those employed with optical tweezers, can stretch chains by ;600 Å ; this is possible since every individual domain is stretched by only a few Å , while the 90-160 pN forces lead to larger stretching and bending, e.g., stretching of ;40 Å in one domain pair and of 1.2 mm for a 300 domain chain. Naturally the effect of strong forces is relatively easy to discern in simulations. To describe the effect of weak forces is relatively difficult and requires the calculation of the potential of mean force (free energy profile) linked to domain-domain bending.
The calculation, by means of MD simulations, of a free energy profile for molecular motions, such as opening Z1Z2 around its centered hinge, requires significant sampling. Although sampling through multiple SMD simulations to reconstruct the potential of mean force (PMF) along a reaction coordinate has been previously achieved (89) (90) (91) (92) (93) for systems involving conduction of small molecules through membrane channels, this method has not been employed for either the present system or similar systems. While the potential of mean force linked to stretch an a-helix in vacuum has been successfully determined by means of SMD (90), an analogous application to solvated helices presently is beyond the reach of the SMD approach. However, an application of the ABF method to stretch a solvated helix and determine the corresponding PMF has been successful (65) . We employ, therefore, the ABF method (61) (62) (63) (64) (65) .
ABF simulations (simC1-simC7) were performed on Z1Z2 to calculate the energy required to move through the observed conformers of Z1Z2. Beginning with the closed form as a reference state with DE ¼ 0 (see Fig. 3 A) , the ABF simulations exerted a force along a predefined reaction coordinate to move Z1 and Z2 apart through rotation around the linker, extending the structure to the semi-extended form (see Fig. 3 C) and terminating in the open form (see Fig. 3 B) . Each simulation (simC1-simC7) sampled conformations within a narrow range of hinge angles, corresponding to a 5 Å separation between the N-terminus of Z1 and the C-terminus of Z2, and was carried out long enough for the adaptive biasing force to sample the entire 5 Å range of movement. An exception is simC4, in which case the sampling window covered 10 Å . Together, simC1-simC7 cover the end-to-end distance between termini of Z1Z2 from 45 Å to 85 Å , a range including the minimum and the maximum extension of two linked domains. Fig. 6 A illustrates the simulations carried out, i.e., simC1-simC7, showing positions i-viii of the tip of Z2 during its opening motion, corresponding to an extension range of 40 Å . The free energy profile (PMF) for the arc motion encompassed by simC1-C7 is plotted in Fig. 6 B and reveals two distinct plateaus, denoted (I and II) in Fig. 6 B, which correspond to intermediate transition states observed in simA2, also shown in Fig. 5 C at t ¼ 11.5 and 27 ns. The plateau (II) for the PMF at Fig. 6 B is particularly significant in that it provides strong corroborating evidence (in addition to simA2) that the semi-extended conformer for Z1Z2 (see Figs. 3, C, and 5, B and C) is energetically stable. The metastable nature of this conformation, however, is evident both from the shallow, but well-defined, local minimum seen in Fig. 6 B and its appearance in the unconstrained simulation (see Fig. 5 B) . Furthermore, the calculated PMF is found to increase by 20 kcal/mol upon forcing Z1Z2 from the closed to the open conformation, indicating that domain-domain rearrangement requires a measurable energy input and can buffer external forces. Indeed, this DE of 20 kcal/mol corresponds to the binding energy of approximately four hydrogen bonds, i.e., fewer hydrogen bonds than needed to initiate unraveling of the Z1 and Z2 domains individually, as shown above. Which interactions are responsible for the response of Z1Z2 to stretching or compression? Equilibrium and steered molecular dynamics simulations presented above (simA1 and simB1-3) on the closed crystal conformer for Z1Z2 reveal several domain-domain contacts that could be responsible for stabilizing Z1Z2 in its closed conformation. Key stabilizing factors are surface contacts between Z1 and Z2 involving the pairs Ser 14 . A salt bridge involving Lys 98 and Glu 100 at the linker region was observed to form in both the closed conformer of simA1 and simB1-3, and also in the hinging motion observed for the open conformer in simA2 (shown in Fig. 7  B) . While Z1 and Z2 in the semi-extended transition state observed in simA2 are too far apart for the above-mentioned VDW contacts, the charged interaction involving the Lys 98 : Glu 100 salt bridge does appear to play a role in stabilizing this intermediate state. The closed crystal structure features a cadmium ion within the cleft between Z1 and Z2, forming a coordination site, shown in Fig. 7 A, between the two domains, with Glu 26 and His 28 of Z1 and Glu 155 of Z2. This bound cadmium is likely the result of crystallization conditions, and given that the telethonin-bound structure for Z1Z2 (20) did not exhibit any bound metal ions, we excluded the cadmium ion from our simulation.
Replicating Z1Z2 into a multidomain chain
We now seek to replicate the tertiary structure elasticity of Z1Z2, i.e., how this domain pair stores mechanical energy through stretching and compression as shown in Fig. 4 , into a multidomain chain that provides a rudimentary model for the I-band of titin. For this purpose we connect linearly N domain pairs, labeled j ¼ 1, 2 . . . N, each domain j contributing a length x j to the overall chain length X (see Eq. 15), the elastic properties being described through the equilibrium distributions p ðjÞ eq ðx j Þ: The model is described in Materials and Methods through Eqs. 15-32. Here we assume a model that replicates Z1Z2 N times, i.e., we assume that all distributions p ðjÞ eq ðx j Þ are equal to the one determined for Z1Z2. We also assume, in contrast to the chain shown in Fig. 4 A, that every angle is contributing to X. For such model we will compute the overall end-to-end distribution p ðNÞ 0 ðXÞ; where N is the actual number of domains in the multidomain chain.
The multidomain model was constructed by connecting N domains, with each angle characterized by the Z1Z2 PMF V ð1Þ eff ðx j Þ (Fig. 4 B) generated from simC1-simC7. This profile corresponds to an equilibrium distribution (see Eq. 16)
as shown in Fig. 6 C. The calculated distribution was matched to a Gaussian
with mean value a and width b.
The distributions p 
Following the description provided in Materials and Methods, the distribution of the overall chain length X is given by Eq. 31 and the associated potential by Eq. 32.
The effective potential, V ðNÞ 0 ðXÞ, in Eq. 32 is harmonic, with spring constant
and equilibrium length Na/2, the factor 1/2 stemming from the inclusion of every angle in the multidomain chain. Comparing the potential for the multidomain model V ðNÞ 0 ðXÞ with that of the two-state system model given by Eq. 7 shows that the two models are actually mathematically equivalent and the behavior of a stretched chain is again described by the time-dependent distribution in Eq. 14.
For the sake of illustration we assume a multidomain chain with N ¼ 300 domains. This chain has an equilibrium length ' 0 ¼ 150 a ¼ 6855 Å and overall distribution width s ¼ ffiffiffiffiffiffiffi ffi 300 p b ¼ 21:8 Å . If one applies a force f 0 to the chain, the resulting extension is DX ¼ f 0 /k chain , i.e., Expressing f 0 in units of pN, i.e., f 0 ¼ [f 0 ] pN, and using 1 pN ¼ 0.0241 k B T/Å for T ¼ 300 K, one can write
In the case that a force of f 0 ¼ 50 pN, typical for experimentally stretching titin as tested in the literature (22, 27) , is applied to the multidomain chain, one predicts, from Eq. 37, an extension of ;600 Å , which is ;9% of the equilibrium length l 0 . This extension corresponds to a spring constant k chain ¼ f 0 / DX % 0.1 pN/Å . This value, given the simplicity of our model, falls in the range of the observed soft elasticity (estimated from (22, 27) and indicated in Fig. 2) of ;0.001-1 pN/Å . The prediction of k chain should be improved further by including the twisting degrees of freedom that would add further mean-square deviations b 2 j to the distribution in Eq. 28 and, thereby, soften the chain's overall spring constant.
The chain's time evolution after stretching it to a length X 0 ¼ 1:2' 0 ; described through Eq. 14, is shown in Fig. 4 B for time in units t R . For a comparison with dynamics one needs to establish t R . This can be achieved through determination of the diffusion constant D 1 , for example, in the course of ABF simulations; this is feasible (61, (63) (64) (65) , but unfortunately, not straightforward and could not be done in the present case. The parameter t R appearing in Eq. 14 is related to D 1 through the relationship t R ¼ 2b 2 /D 1 .
Secondary structure elasticity of Z1Z2
When forces exceeding 50 pN are applied to titin, the random coils of the PEVK segment are completely stretched out and the titin chain has become so straight that titin's soft and intermediate elasticity are both exhausted, rendering the chain completely stiff. At this point, titin's secondary structure elasticity comes into play, involving the sequential unfolding of its Ig-and Fn-III -like domains. The role of titin Igdomain stability in resisting stretching forces by unfolding their secondary structure have been well characterized by force spectroscopy techniques such as atomic force microscopy (26, (28) (29) (30) (31) (32) (33) (34) 37, 38) , optical tweezers (27, 39) , as well as computational methods such as steered molecular dynamics (40, 67, 94, 95) . The majority of these studies have focused on the mechanical properties of I-band titin domains. It is well known that the individual Ig-domains in the I-band are far from homogenous, and that even small differences in Igdomain folds influence their unfolding properties and, therefore, their response to mechanical stress.
Here we probe the mechanical resilience of the unique Z1 and Z2 Ig-folds using SMD simulations by applying stretching forces individually to the termini of the two domains in SMD simulations (simD1-4, simE1-4). The response is then compared to those of titin's Ig-domains I1 and I91 reported in the studies mentioned above. Based on fold topology, Z1 and Z2 belong to the same Ig subclass as I1, but not to that of I91 (96) . However, previous MD stretching studies performed on Z1Z2 reveal that the force-bearing elements for Z1 and Z2 are the same terminal b-strands as in I1 and I91 (21) . These previous studies on Z1Z2 did not investigate the mechanical properties of Z1 and Z2 individually. Left open were questions whether, for example, unfolding intermediates such as those seen in titin I91 exist in Z1 or Z2.
Our previous work (21) had shown that Z1Z2 unfolds within nanoseconds when stretched at a constant force of 750 pN. The simulations gave no evidence of intermediate states during stretched unfolding. To capture any intermediates, we performed simulations at lower stretching forces, namely, at 500 pN and 350 pN. In simD1 and simE1, a constant force of 500 pN applied to the C termini of Z1 and Z2, while the N-termini were held fixed, unfolded both Z1 and Z2 within 8 ns in a fashion identical to that observed in the previously reported stretching simulations (21) .
In simD2-4 and simE2-4, the stretching force was lowered to 350 pN. In this case Z1 and Z2 did not unfold exactly in the same manner. In simD2-3 and simE2-3, Z1 unfolded as before, while Z2 exhibited an intermediate state during unfolding. Neither Z1 nor Z2 unfolded within the 30 ns of simD4 or simE4 (results not shown). Fig. 8 , A-C, shows a snapshot of Z1 at t ¼ 23.1 ns of stretching revealing simultaneous detachment of the domain's A and A9 strands; a 23.5 ns snapshot shows the subsequent extension of the N-terminal region. Fig. 8 , D-F, illustrate the unfolding of Z2 in simulation simE2 with snapshots at t ¼ 0 ns, at ;19.9 ns (showing the detachment of Z2's A strand), and at ;22.3 ns (showing the subsequent detachment of the A' strand). Once both the A and the A9 strands for titin Z1 and Z2 have separated from the main fold, the entire domain unravels quickly with little resistance as shown in Fig. 8 G.
The time evolution of the end-to-end distance for the 500 pN simulations (simD1 and simE1) is shown in Fig. 9 A. The slight initial increase in end-to-end distance, due to the extension of the flexible terminal linkers, is followed by a flat plateau in which the stretching force must overcome key force bearing interactions holding together b-strands A and B and A9 and G, both near the protein termini. The forcebearing interactions include a total of 10 interstrand AB (6) and A9G (4) hydrogen bonds in case of both Z1 and Z2. Once the strands are separated, though, the end-to-end distance rapidly increases as the domains unfold completely with little hindrance. Fig. 9 A depicts also the end-to-end distance for stretching with a 350 pN force (simD2-3 and simE2-3). Fig.  9 B shows an enlarged view of the unfolding plateau of Z2 that reveals the characteristic stable intermediate as the A and A9 strands detach one after the other, but with a delay (as opposed to simultaneous A and A9 strand rupture in Z1). An analysis into why Z1 unfolds differently from Z2 reveals mainly differences regarding the residues comprising the A9 b-strand. The A9 strand of Z1 contains a Val-Val-Val sequence, whereas the same strand in Z2 contains the sequence Met-Thr-Val. This suggests that the irregular peptide sequence at the Z2 A9 strand likely reinforces its interactions with the opposing G b-strand, leading to the characteristic delay in unfolding.
The unfolding of Z1 and Z2 are remarkably similar to the unfolding of titin domains I1 and I91. Specifically, Z1 unfolds without intermediate through simultaneous rupture of its A and A9 strands as observed in I1 (67,95). Conversely, Z2 unfolds like I91 with the A strand rupturing first and the A9 strand second (43, 44, 97) , i.e., exhibiting an unfolding intermediate.
DISCUSSION
The elasticity of titin is a key attribute of muscle function. This elasticity stretches over a wide range of titin extension, beginning at extension due to weak forces, a regime characterized through the entropic elasticity due to disordered PEVK segments and domain-domain rearrangement (22) (23) (24) 26, 29, 57) , and ending at extension due to high forces, a regime of secondary structure elasticity due to the unraveling of individual titin domains studied both by single molecule force spectroscopy techniques (22, (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) 86, (97) (98) (99) and unfolding simulations (21, 31, 40, (47) (48) (49) (50) (51) (52) (53) 60, 67, 94, 95, 100, 101) . The key issue of this article is titin's mechanical response to weak forces due to tertiary structure elasticity (see Fig. 2 ). ''Tertiary structure elasticity'' is unfortunately a bit of a misnomer since it is not always linked to stretching tertiary structure elements of mechanical proteins apart, but in some cases (like titin) to stretching covalently-linked domains apart. Fig. 9 B) after the AB strand detaches, is seen during this unraveling of Z2, but not during the unraveling of Z1. After steps C and F, both Z1 and Z2 unfold quickly with little resistance, toward the elongated form shown in panel G.
FIGURE 9 Time evolution of the end-to-end distances of stretched Z1 and Z2. (A) Shown are the endto-end distances of Z1 and Z2 for simulations simD1, simD2, simD3, simE1, simE2, and simE3. The traces demonstrate that unfolding occurs in a rupturelike event, i.e., rather suddenly, with a time delay after the onset of stretching that is longer for weaker forces. In particular, unfolding of Z1 and Z2 with a stretching force of 500 pN requires ;7 ns simulation time, and with a stretching force of 350 pN requires ;15 ns in simE2 and ;30 ns in simD1-2 as well as simE1. Not shown here are the end-to-end distance traces from simD3 and simE3, in which Z1 and Z2 did not start to unfold within the 30-ns simulation period. (B) Shown is a detailed view of the unfolding event in simD1 (black) for Z1 and in simE1 (green) for Z2. The stepwise unraveling representative of an Ig unfolding intermediate (region circled) for Z2 (see also Fig. 8, D and E) reveals characteristic force plateaus corresponding to terminal b-strand rupture also seen for titin I91. Movies for the unfolding of Z1 and Z2 in simD2 and simE2, respectively, can be found in Supplementary Material. Pure tertiary structure elasticity is a key property of repeat proteins, i.e., proteins made of many homologous subunits of a-helices and b-sheets. A prime example is ankyrin (102, 103) , a protein linked to the cytoskeleton and exhibiting tertiary structure elasticity that alters the arrangement of its subunits made of a pair of a-helices. In case of ankyrin, a 100 Å long 24-repeat doubles its length under a force of 50 pN as predicted by simulation and measured by AFM (104, 105) . Titin's type of tertiary structure elasticity involving domain-domain motion is also found in the adhesion protein cadherin (106, 107) , where the elasticity seems to be strongly controlled by Ca 21 ions (104). Tertiary structure elasticity in titin is due to the ability of adjacent domain pairs of titin to change their conformation through bending and twisting around the domain-domain link. Our study considered, for the sake of simplicity, solely elasticity due to bending; twisting could likewise contribute elasticity. Titin, due to its multidomain chain architecture, assumes a cordlike conformation that can extend and contract due to bending and twisting of adjacent domains. The titin cord can be stiff in some segments and flexible in others, deriving from the motion an overall elasticity measured by the ratio of extension/force. Our study made two contributions to advance the understanding of tertiary structure elasticity: it characterized the tertiary structure elasticity of a domaindomain building block, namely of Z1Z2, and it provided a theoretical framework to link building blocks into an overall elastic cord.
The most natural approach to study Z1Z2 tertiary structure elasticity is to apply stretching forces to the termini and to measure the resulting extension. As mentioned above, this could be done by AFM and by molecular dynamics simulations. Unfortunately, simulations can presently still cover only ;100 ns timescales and to view sizable extensions in such a brief time requires forces stronger than expected in vivo. It is difficult to circumvent this problem and no accepted solution exists. One of the most promising solutions is the ABF method (61) (62) (63) (64) (65) , applied in our study, that yields the potential energy surface and associated Boltzmann distribution linked to the bending/stretching of Z1Z2. Approximating the Boltzmann distribution by a Gaussian suggests that Z1Z2 can be stretched out by ;2 Å due to bending by a 50 pN force.
If one assumes that titin, segmentwise, is a cord of 300 building blocks with elastic properties similar to those of Z1Z2, then one can easily imagine what happens when one applies a force of 50 pN to the cord's end. The locally compacted cord geometry will straighten a bit, starting in the first domain-domain angle that stretches likewise by ;2 Å , then in the second domain-domain angle that stretches ;2 Å , etc., until the 300th domain-domain angle is reached and the entire cord is stretched out by ;600 Å . While this is an oversimplified picture, the more systematic theoretical model provided in this study leads essentially to the same result, namely that 50 pN extends the titin model by ;600 Å , which is ;9% of its length; doubling the force would double the extension in the description given. An estimate of the spring constant connected with titin's calculated tertiary structure elasticity yielded a value of ;0.1 pN/Å , which falls within the range of values observed for titin's soft elasticity (22, 27) . From the agreement, which should improve further if twisting degrees of freedom are accounted for, we conclude that the chain energetics associated with titin's tertiary structure elasticity indeed contributes to the soft elasticity of titin.
The scenario presented above explains the range of titin elasticity shown in Fig. 2 in which forces below 50 pN act. If stretching forces exceed this value, secondary structure elasticity sets in. This secondary structure elasticity has been studied extensively for titin's domains I1 and I91 (22, (26) (27) (28) (29) 31, 32, (34) (35) (36) (37) (38) (39) (40) (47) (48) (49) (50) (51) (52) (53) 60, 67, 86, 94, 95, (97) (98) (99) (100) (101) . Since this concept is quite familiar due to the celebrated prior work mentioned above, we probed this type of elasticity for Z1 and Z2 as well, to contrast the behavior with tertiary structure elasticity. In doing so we took advantage of technological development that permitted us to stretch Z1 and Z2 by forces weaker than ever attempted before computationally for titin Ig-domains, namely by 350 pN. The difficulty in applying weak forces stems from the fact that the weaker the force, the longer it takes for titin domains to rupture and unravel, thus increasing the computational cost of the simulation. In the present case we had to wait for 40 ns for unraveling to materialize. The investment in computing time has been well worth the effort, since we discerned that at the new low force Z2 exhibits a stretching intermediate not resolved computationally before. We note, however, that other than this intermediate, the stretching scenario seen is close to the ones found in earlier simulations of titin domains I1 and I91.
Our study coincides with an important experimental development of titin structure analysis, the first elucidations of entire titin segments. After the structure of Z1Z2 was reported in isolation and in complex with telethonin, the structure of the three domain segment A168-A170 of titin has been reported very recently (59) and the structure of a six-Ig tandem segment of titin will be reported soon (unpublished). These structures will permit further investigation into the tertiary structure elasticity of titin. For example, the structures will permit one to investigate the role of twist degrees of freedom as well as the role of heterogeneous domain-domain bending and twisting elasticity. One can expect that eventually the entire titin cord will be structurally resolved and described in terms of the underlying physical characteristics. One can safely expect that the resulting picture of titin elasticity will include tertiary structure elasticity suggested here as a key functional component.
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